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FOREWORD 

By J. E. MCCARTNEY, M.D m D.Sc. (Edia.) 

The introduction of the Electron Microscope has advanced our knowledge in 
all scientific fields, particularly in biology. Until very recently progress was 
halted by the limitations to magnification imposed by the use of the ordinary 
light microscope. 

It is a well-known principle in natural science that a knowledge of structure 
is essential to the understanding of function, and with the bacteria and viruses 
details of morphology have not been possible while using ordinary visual 
methods. 

The Electron Microscope with its great increase in magnification over the 
light microscope has furnished us with many new facts of structure and has 
explained phenomena which were not properly understood. 

A new tool has been placed in the hands of the scientist, and it therefore 
behoves all who are engaged in biological work to know the principles and 
details of the Electron Microscope, its capabilities, and limitations, and what 
it has already accomplished, so that they can understand and appreciate the 
significance of the new discoveries which will ever increasingly be made in the 
future. 

The Electron Microscope at present is only in its infancy. Its present 
efficiency is only one-thousandth of what it is theoretically capable, so that its 
potentialities for the future are enormous. 

This Monograph by Mr Ockenden is both timely and informative. It is 
written by one who is not only a highly qualified electrical engineer but who 
is also a keen practical microscopist who has been particularly interested in the 
highest magnification in visual work. 

The Monograph can confidently be recommended to all who require a clear 
and simple explanation of the principles and use of the Electron Microscope. 
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Fig. i. Diatom. Amphipleura pcllucida. X 35,000 (reduced to X 20,000 in reproduction). 




Fig. 2. Diatom. Plenrasigma angulation. 
X 14,000. The structure is juat beyond 
the resolving power of an optical micro- 
scope. 







Pig. 3. Diatom. Nitzschiasigma. x 14,000. 
Note the structure revealed within each 
hole. 
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INTRODUCTION TO THE 
ELECTRON MICROSCOPE 

By 

F. E. J. OCKENDEN, M.I.E.E., F.Inst.P. 

(Plates 1-8) 

It is now some 80 years since the optical microscope emerged, in a reasonably 
modern form, from the mass of ornate but, in the main, unscientific devices 
which the preceding 200 years had brought into being. Although in the 
subsequent era, leading up to the present day, important improvements have 
been made, e.g. the full development of the homogeneous principle in TS78, 
the apochromatic system (1886), together with (and most important perhaps 
of all) a marked cheapening in the cost of high-performance components, no 
spectacular advances have been made in the extension of the range of micro- 
scopic vision, dt has, in fact, been well said that the modern microscope 
objective is one of the few devices which attains, for all practical purposes, the 
limit of its theoretical possibilities, and it has thus been apparent for some time 
that such advances could be made only if radiation other than ordinary light, 
with its attendant wave-length limitations, could be utilized for the purpose. 

About 1893 a valuable step forward was made by using ultra-violet light, of 
very short wave-length, but invisible except indirectly, all critical examination 
of the images having to be carried out photographically. In this apparatus the 
general lay-out of the equipment follows fairly closely the arrangements for 
ordinary microscopy and can be followed without difficulty by an experienced 
microscopist. An improvement in resolution of from two to five times that 
obtainable with ordinary light can readily be obtained in this way. 

More recently, however, an entirely new device has reached a high stage of 
development, the so-called electron microscope, and with it improvements in 
resolution up to 100 times are already obtainable and up to 1000 times can 
be envisaged. The operation of this apparatus is, however, so completely 
novel, involving as it does the application of modern atomic physics and 
high-vacuum technique, that a knowledge of ordinary optics offers no' help 
whatever towards an understanding of its working principles. It is with these 
limitations in mind that I will endeavour to make clear during the short time 
at my disposal the principles, practical handling and possibilities of this new 
and wonderful instrument. 

It is now generally agreed that all ordinary matter is composed of anf 
aggregate of exceedingly minute particles known as molecules, each of which, j 
even the largest, is too small to be rendered visible by any optical means at; 
our disposal. These in turn are made up of atoms, all of one kind in the case 
of the simplest materials known as elements, and of more than one kind in 
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the case of compounds. Atoms were for long considered to be indivisible, 
but modern research now indicates that they in their turn are built up of a 
combination of positive and negative electrical particles known respectively 
as protons and electrons. 

The simplest picture of an atom, and one possibly as truthful as any sug- 
gested later, is that put forward by Rutherford in 1910, in which the proton 
is depicted as the positive and relatively heavy central mass constituting the 
bulk of the atom, with the far lighter electrons revolving round it, the whole 
comprising an arrangement very similar to a 'Solar System' in miniature. 

In the case of the smallest and lightest atom, that of hydrogen, the system 
contains only one of each component, a single negative particle revolving, at 
a speed comparable with that of light, in its electronic orbit round a single 
nucleus (or proton). Heavier atoms contain a larger number of protons and 
a correspondingly greater number of electrons associated with them. It will be 
appreciated that if the material of which the atom forms a part is electrically 
neutral, that is, carries no electrical charge, the number of protons and 
electrons in it must be similar, since, although the masses of a proton and 
electron differ greatly, the magnitude of the positive and negative charge 
carried by each is the same. An extremely heavy atom may be built up of 
200 or more protons with an equal number of electrons. 

Unlike the simple hydrogen atom with its single proton and accompanying 
electron, the more complex atoms are arranged in a way whereby only part 
of the total electrons are planetary, the remainder being incorporated within 
the nuclear mass and forming part of it. The forces binding these complicated 
nuclei together are enormous, nevertheless, cases occur where their very 
complexity leads to instability. In some instances spontaneous partial dis- 
integration results in the phenomenon known as radioactivity, and in others 
an explosive release of the energy bound up in the nucleus can be initiated by 
bombardment with low-velocity neutral particles (neutrons). The planetary 
electrons, on the other hand, are in many cases but feebly bonded to the 
nucleus and can be detached from it comparatively readily, and it is to this 
fact that the whole of the manifestations comprising the science of electricity 
are due.* 

The simplest way of causing the electrons to break away from their associated 
protons (and thus move in a continuous stream to form an electric current) 
is to apply a positive charge sufficiently great to overcome that due to the 
protons themselves. In the case of metallic materials, the charge required to 
detach the electron is quite small and can readily be obtained by the use of 
a chemical device, commonly known as a battery, in which chemical changes 
result in a surplus of electrons appearing at one of its poles and a corresponding 
deficiency at the other, the resulting electrical pressure appearing between 

* An alternative theory pictures the nucleus as being composed of sufficient protons to 
equalize the negative charges carried by the planetary electrons, the remainder of the mass 
being made up with 'neutrons', each of these having the mass of a proton, but no charge. 

Yet another suggestion is that the nuclear mass is made up only of neutrons, a sufficient 
number of weightless, positively charged ' positrons ' being present to neutralize the electronic 
charges. It is all highly conjectural, but th.e existence of planetary electrons appears to be 
well established. 
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them being measurable as the voltage of the battery. Text-fig. i shows in a 
simplified form the effect of applying such a voltage to a length of fine wire. 
This is shown as a chain of metallic atoms, for example, copper, each atom 
comprising a nucleus of protons and, revolving around it, a number of planetary 
electrons. The actual number in this instance should be 29. On the application' 
of the battery voltage the electron at the extreme end of the chain is attracted 
into the battery, so leaving the end atom with an unbalanced proton or positive 
charge ; an electron from the adjoining atom moves in to make good the loss 
and so on, a whole stream of electrons detaching themselves and moving along, 
those at one end going into the batteiy to maintain the chemical changes going 
on there and a corresponding number coming out of the battery and entering 
the other end of the wire, the maintained electron stream so caused con- 
stituting the current in the wire. It will, of course, be appreciated that even 
the thinnest wire contains many millions of such chains of atoms in its cross- 
section, and the total current is thus the sum of the electron movements in all 
the chains. In the event of the chemical energy in the batteiy becoming 
exhausted, or the batteiy being removed and the ends of the wire joined 

ELECTRONIC ORBITS 

. y .\_ . 



PROTON ELECTRONS 



,. .1+ -*— ELECTRON FLOW 



BATTERY 
Text-fig, 1. Electrons flowing in battery circuit, 

together without it, all electron movement in the wire loop will cease and the 
current circulating in the wire become zero, unless some other means can be 
provided which will achieve the same end, that is, set the electrons in motion. 
That such a means is actually available is due to the fact that, in addition 
to the negative electrical charge already referred to, an electron has magnetic 
properties which make it susceptible to changes in its magnetic surroundings. 
It is to this that the well-known characteristics of such magnetic materials as 
iron and steel are due. The general rule is that an electron under the influence 
of a transverse moving magnetic field tends to move in a direction at right 
angles to that of the field. Thus in Text-fig. 2 (a), N-S is a magnet radiating 
a transverse magnetic field F in the vicinity of a portion of a metallic loop. 
So long as the magnet (and hence its field) is stationary no disturbance of the 
electrons attached to the metallic atoms comprising the loop will occur. If, 
however, the magnet be moved towards the observer, electrons will commence 
to move in the direction indicated by the arrow. The same arrangement of loop 
and magnet but turned through a right angle is also shown in Text-fig. 2 (b). 
The electrons thus set in motion by the movement of the magnetic field will 
tend to move along the wire, in the process detaching themselves from their 
associated protons and moving on to others. An unbalanced electrical state 
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will thus be set up which can only be made good by the detachment of 
adjacent electrons. Consequently, as with the battery, a current will be set 
up in the loop which will last as long as the movement of the magnet persists. 
The electrons are in fact brushed along the wire by the cross-action of the 
moving magnet, and the resulting current will be manifest whether the loop 
be a few inches or a thousand miles in length. The whole arrangement is in 
fact the basis of the Power Station system of electrical supply where the cables 
represent the metallic loops and the 'supply-stations' giant power-driven 
magnetic brushes. This tendency for electrons to be diverted by the influence 
of magnetic fields will be seen to be of great importance when consideration 
is given to the subject of magnetic lenses. 
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Text-fig. 2. Magnetic induction in copper loop. 

The foregoing discussion has been greatly simplified by the fact that in the 
case of the metallic elements the outer or planetary electrons can readily be 
detached from any one atom provided that there is an adjacent atom to which 
it can (if only temporarily) attach itself . This, however, is not so with insulating, 
i.e. non-conducting, materials such as wood, rubber or glass. That this is also 
outstandingly true in the case of gases at atmospheric pressure is readily 
appreciated if the simple matter of the small spark coil or magneto such as is 
used for car ignition be considered. The distance between the points of the 
' plug' across which a spark is required is usually only of the order of a fraction 
of a millimetre; nevertheless, the voltage required to cause a spark (that is, 
for electrons to be forced over from one electrode to the other) is a matter of 
some thousands, sufficient in fact "to cause a severe shock if inadvertently 
handled. The stability of the electronic orbits in the case of a gas is such 
that the detachment of free electrons is a matter of great difficulty, and their 
liberation, when accomplished, is accompanied by noise and heat, testimony 
to the amount of concentrated energy required. 
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The idea that a heated body differed from a cold one only in the degree of 
vibration of its atoms was suspected by Boyle (1627-91), who suggested heat 
to be a 'brisk' molecular agitation. Further work carried out by Helmholtz 
and Joule about 1850 confirmed the general truth of this theory, and the fact 
that atomic vibration increases with rising temperature is now accepted by 
all physicists. An important effect of this thermal agitation of the atoms of a 
heated body is to ease greatly the liberation of planetary electrons from the 
atomic structure. A simple experiment serves to demonstrate this pheno- 
menon. I have here an ordinary Bunsen gas burner to which is attached one 
wire from a small spark coil, capable of giving a spark only a few millimetres 
in length under ordinary conditions. That this, indeed, is the maximum 
possible is readily shown by removing gradually the other wire away from the 
top of the burner until the spark just fails to bridge the gap. 

On lighting the gas, however, it is seen that the distance through which the 
wire can be moved from the burner (in the flame) is of the order of an inch or 
more. The reason for this is simply that under the intensely hot conditions 
obtaining within the flame and the consequent thermal agitation of the gaseous 
atoms, the planetary electrons become much more readily detachable, and thus 
a flow of electrons, i.e. an electric current, becomes possible with a lower 
electrical pressure per millimetre of distance than was the case when the gas 
was cold. 

An extreme case of the breakdown of gaseous atoms at ordinary tempera- 
tures by the application of a sufficiently high voltage is to be found in the 
lighting flash, where a length of many yards, or even miles, of gas is rendered 
conducting due to the detachment of its electrons by the application of the 
millions of volts generated by nature in a 'thunder cloud'. The path of the 
electrons, i.e. the flash, is, however, far from straight, since both the density 
and condition of the air vary from yard to yard and the discharge tends to 
follow the easiest route. In the case of the spark from the coil referred to 
earlier the length of the path is so short that no perceptible variations can 
occur along it, and the spark is sensibly straight ; it is, however, restricted in 
magnitude by the fact that the electrons, though released from their atoms 
(and thus rendered free to travel towards the opposite pole), can only travel 
an extremely short distance before hitting another atom of air and becoming 
absorbed by it. The distance beyond which no atoms whatever succeed in 
getting through is therefore extremely limited unless the free emission of 
electrons is facilitated by heat as in my experiment. 

An alternative method of increasing the spark length for a given voltage is, 
however, readily available. As just explained, the 'free path 1 of an electron 
in air at ordinary density is extremely small, only a few millionths of an inch 
at the most. This is due to the relatively tight packing of the molecules of air 
under normal conditions. By enclosing the required electrical discharge in a 
suitable vessel and then increasing the spacing between the molecules (by 
pumping out the majority of them) the length of the free path may be increased 
greatly. Thus at a pressure of j^-mm. of mercury the free path is as 
much as 30 cm. with a corresponding gain in the length of the discharge 
possible. 
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The phenomena occurring in a small vacuum tube while it is being exhausted 
during the application of the voltage from a spark coil will be familiar to many 
— the rise in the intensity of the glow as the vacuum increases, due to the 
activation of the remaining gaseous atoms by the electronic bombardment — 
the breaking up of the glow into striations, ending with its complete cessation 
when the vacuum reaches a point at which there are no further atoms in the 
tube to obstruct the free passage of electrons down its length. It was shown 
by Crookes that under these circumstances the electrons travelled freely, 
radiating in straight lines from the negative electrode, until they struck the 
glass at the distant end of the tube, where their bombardment, so long as the 
discharge continued, caused the glass to glow. That such a beam of electrons 
or negative electricity really was traversing the otherwise dark tube was 
demonstrated by means of the device shown in PI. 2, fig. 1, which shows a 
sealed vacuum tube containing a convex negative electrode Kand an aluminium 
cross mounted in the path of the discharge. The fact that the electrons travel 
in straight lines radiating from K is shown by the enlarged shadow of the 
cross which is shown thrown on the fluorescing area at the large end of the 
tube. The positive electrical connexion P may be made either at A or a, since 
the actual return path for the electrical charge follows the slight conductivity 
of the inner surface of the walls of the tube. 

The figureshown is a reproduction of one appearing in Prof. S. P. Thompson's 
Elementary Lessons in Electricity and Magnetism (London: Macmillan, 1895 
edition), and in the light of modern developments can well be regarded as the 
earliest demonstration of an electronic magnifier, since the shadow of the 
'object' is perceptibly larger than the object itself. 

The general principle that electrons are more readily detached from hot, 
i.e. strongly vibrating, atoms than from cold ones applies equally to the case 
of solid metallic bodies; indeed, reverting to Text-fig. 1 it seems probable 
that even at ordinary temperatures and in the absence of any applied electrical 
charge a constant interchange of planetary electrons is going on between the 
atoms, so that the metal is at all times pervaded by an electron ' gas ' which is 
ready to move on whenever a difference of voltage is applied to the ends of 
the wire. When the temperature of the wire is raised these electrons tend to 
detach themselves from the surface and so escape into the surrounding space. 
Under conditions of atmospheric pressure, however, the attraction exerted by 
the positive nuclei causes them to fall back into the metal, but, where a high 
vacuum exists, a number of them do succeed in escaping, particularly if a 
positive charge is available to assist in attracting them away from the hot 
body. Thus as long ago as 1883 Edison showed that, if a metal plate were 
sealed within the glass envelope of an electric lamp, then, provided the filament 
was glowing, a small current could be passed between the plate and the 
positive, but not the negative, terminal. This so-called 'Edison Effect', 
though not fully understood at the time, was later used by Fleming in the 
construction of his 'rectifying valve', and is in fact the basis of all electronic 
valves to-day. It was also pointed out by Ashton about 1 9 1 1 , that after a time 
marks appeared inside the glass wall of incandescent electric lamps. These took 
the form of fine lines situated directly opposite the straight filaments which 
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were the usual construction at that time. It is now clear that these 'shadows' 
were caused by the free emission of electrons from the surface of the white- 
hot tungsten, and that these electrons projected themselves in straight lines 
across the interior of the bulb until, on striking the glass, they were absorbed 
and so caused slight discoloration. The fine white images occurred wherever 
a filament obstructed the path of the electrons from another adjacent to it. 
The hot wires in fact made electronic pictures of each other on the glass, and 
the provision of such a filament, usually tungsten, as a copious source of free 
electrons is a characteristic feature of most electronic apparatus. It has, how- 
ever, also been found that when the metal is treated with thorium or coated 
with compounds of barium or strontium, the temperature at which electron 
emission takes place is much reduced, and such coated electrodes are now 
widely used. The earliest efforts to focus the emitted rays were in fact carried 
out with the object of producing, on a fluorescent screen, an electronic picture 
of the active surface, just as a greatly enlarged image of a glowing gas mantle 
might be projected on a screen to facilitate study of the nature and texture 
of the weave, etc. These first 'simple' electron microscopes were of great 
assistance in facilitating research on the nature and structure of emitting 
surfaces both hot and cold, and the 'compound' microscope permitting the 
magnification of objects placed within the electron stream is based on the 
experience gained with the simple type. 

We have now considered the three principles on which electron microscopy 
is based. They are : 

(i) Electrons have the characteristics of particles of negative electricity. 
They are readily emitted from the surface of hot metals. They travel in straight 
lines when freed from the obstruction of surrounding gaseous atoms and are 
absorbed by solid bodies unless these are exceedingly thin, when partial trans- 
mission is possible. 

(2) They have electrical properties whereby they are attracted, i.e. 
accelerated, by a charge, or field, of opposite (positive) polarity and are repelled, 
i.e. decelerated, by a charge of similar (negative) polarity. 

(3) They have magnetic properties which cause them to be deflected trans- 
versely when moving across a magnetic field, the direction of such deflexion 
depending on the polarity, N. or S., of the magnet pole, and their direction 
of motion across the field. 

The manner in which these principles are combined to produce a simple 
focused electron beam is shown in Text-fig. 3. (a) shows a vacuum tube T 
into which has been sealed a short tungsten filament F which can be raised to 
white heat by the battery B. From the convex filament electrons are released 
and these travel out in straight lines towards the metal plate P. A high-voltage 
battery A provides an attracting, i.e. accelerating, voltage by which their 
transit to the plate is speeded up. It will be appreciated that the higher the 
speed of the electrons the smaller their tendency to be diverted by collision 
with odd gaseous atoms remaining in the tube, and the greater their power 
of penetrating objects which are electronically transparent. 

Text-fig. 3 (b) shows a similar arrangement with, however, a small hole 
perforating the plate P. A considerable proportion of the electrons now pass 
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through the aperture, the central ones, having the highest speed, tending to 
travel forward in a straight line until they strike the end of the tube where 
a fluorescent screen is mounted. It will be seen that the electrons on the edge 
of the electric field, having the lower speeds, tend to be diverted, some to the 
sides of the tube and some back to the positive plate itself. 

Text-fig. 3 (c) shows how the divergent electron stream of the two previous 
figures is concentrated by encircling the emitting filament with a cylindrical 
electrostatic lens. This 'lens' C is actually a thin metal cylinder negatively 
electrified by a separate battery D. The electrons (negative particles) are 
repelled from the inner wall of the cylinder and so become concentrated in 
a narrow channel in the centre. By this means the number of electrons having 
a trajectory which will carry them straight through even a very small plate 
aperture is greatly increased, and a finely focused spot so obtained on the 
fluorescent screen at the end of the tube. The arrangement is due to Wehnelt, 
and represents a usual construction for electron oscillographs where high- 
power magnification of the focused 'spot' is not called for. 





Text-fig. 3. Cathode-ray tubes. 

For use as a precision electron 'light source' for high-power microscopical 
work, however, more elaborate and controllable focusing arrangements are 
required. These are of two types : electrostatic, as for example, the above, and 
magnetic. The design I now propose to describe is that employing magnetic 
devices. It is employed by the Radio Corporation of America in the con- 
struction of their well-known microscope and lends itself fairly readily to 
demonstration. 

The basis of operation for a magnetic lens is the fact that if a coil of wire 
be energized by an electric current the area surrounding and within the coil 
becomes magnetized. The strength of the magnetization becomes less as the 
distance from the coil increases, and varies both with the shape of the coil and 
the length and diameter of the coil opening. If by means of a calibrated 
magnetic needle or similar device the points around the coil having equal 
magnetic strengths are plotted, they are found to form a series of closed curves 
having distributions which can in fact be predicted mathematically if the 
dimensions of the coil are accurately known. 

The complete set of curves depicts what is known as the coil's 'field of 
magnetic force', and a simple experiment will help to make the nature of such 
a field apparent. I have mounted horizontally in the epidiascope a card on 
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Fig. i. Cathode discharge in Crookes's tube, showing shadow. 




Fig. 3. Specimen holder. 
Actual size. 



Fig. a. Iron filings in field of coil carrying current. Cf. Text-fig. 4. 
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which has been sprinkled a thin layer of fine iron filings or powder. Round 
the centre or 'waist' of the card has been wound a small coil through which 
current can be passed from, a local battery. No current has, however, yet been 
allowed to flow, and it will be seen that the distribution of the powder is 
substantially uniform over the whole of the card's surface. On closing the 
battery connexion and lightly tapping the card to facilitate the movement of 
the iron particles, these now take up new positions (PI. 2, fig. 2), following the 
curvature of the magnetic field of force which is now in being because of the 
current flowing through the turns of the coil. 5 It 
will be seen that the field .is strongly distorted at the 
coil ends but is sensibly straight in the centre, that 
portion, in fact, which is hidden in the photograph 
by the copper winding but which is shown dia- 
grammatically for clearness in Text-fig. 4. In this 
diagram C is the coil, FF a magnetic field and E an 
electron stream originating at O and passing through 
the coil. This stream is shown for simplicity as con- 
sisting of two portions only, a strictly axial zone and 
another making a small angle with the axis. 

Referring to the third of our fundamental princi- 
ples, that a moving electron experiences a deflecting 
force when crossing a transverse magnetic field, it 
becomes apparent that the axial beam, since it passes 
through the lines of force without crossing them, 
will suffer no deviation from its original path, just 
as a light ray passing through the precise centre of 
a lens experiences no refraction, since at that point 
the lens surface is absolutely normal to the ray. '• 
The outer or oblique zone, 011 the other hand, is, 
while passing through the coil, cutting across some 
of the field transversely and thus experiences a 
deflecting force or thrust tending to throw it in- 
wards on to the field axis. By suitable adjustment '> 
of the velocity of the electrons to the strength of the 
magnet the outer and axial zones may be made to > 
meet at any desired point /. 

Were the magnetic field absolutely uniform over 
the whole of the interior of the coil every zone of a divergent beam would 
tend to focus at a different level the effect corresponding to spherical 
aberration in an ordinary optical system, but as shown in the photograph 
and indicated in the diagram the field is by no means uniform, and by suitably 
proportioning the dimensions of the coil a field is produced so graded that all 
the zones meet on a common focal plane thus ' aplanatizing' the 'lens'. 

Text-fig. 5 shows a model of such a conical zone of focused electrons 
together with the axial ray. It will be seen that the paths of the electrons are 
not straight. This is due to the fact that the force exerted on a moving electron 
by a transverse magnetic field is always at right angles to the electron's 




•Text-fig. 4. Diagram of mag- 
netic field shown in PI, 3, fig. 2. 
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direction of motion; the latter therefore tends to move in circles. Each 
electron path thus consists of a straight line on which is superimposed a 
circular component which may be anything from a small fraction to a complete 
circle, depending on the angle at which the electron passes through the field. 
This effect is of little importance when considering only the similarity of light 
and electron optics, but as will be discussed later has an unexpected effect on 
the actual handling of the apparatus. 




Text-fig. 5. Model of electron paths. 

In ordinary optical design, it is inherent that, owing to the steep curvatures 
required for such purposes, high powers, i.e. magnifications, can never be 
obtained with large lenses. Similarly, simple coils in air are of no use for 
electron microscopy, since the necessary intensity of the magnetic flux cannot 
be so obtained. To ensure the desired result it is necessary to concentrate the 
flux by making the major portion of the magnet of a material which is extremely 
permeable to the magnetism, that is, of itself extremely magnetic. For this 
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Text-fig. 6. Magnetic and optical lenses compared. 

reason, a soft iron shell is usually employed with a current- carrying coil wound 
round its centre and a small gap cut in the inner wall across which the magnetic 
field crosses under conditions of great intensity and curvature. Text-fig. 6 
shows such a coil in cross-section in which the direction of the focused beam 
is traced out, and also, for comparison, an equivalent optical system. K is the 
hot filament from which the electrons are emitted, usually known as an electron 
gun, and C the focusing coil. This coil is wound inside an iron shell I in which 
is cut a narrow gap G. The steeply curved magnetic field crossing in the 
vicinity of the gap is shown finely dotted. 
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The complete electro-optical system required for a microscope is shown in 
Text-fig. 7. It comprises three lenses similar to that shown in Text-fig. 6, 
though of varying dimensions and powers, these corresponding to the con- 
denser, objective, and projector (eyepiece) lenses respectively. They are 
mounted in a tubular container in which are also fitted the electron gun, 
specimen holder and fluorescent viewing screen or photographic plate. 

Outside views of the complete apparatus are shown in PL 5, fig. 1 and 
PL 3. These are photographs of the Console and Universal models made by 
the R.C.A. The back of the instruments contains 
the electrical plant needed to provide the various 
supplies required for the different portions of the 
microscope. These include the current for heat- 
ing the electron gun, the high voltage required 
to give the necessaiy attraction (acceleration) to 
the emitted electrons, and the current supplies 
for the focusing coils. An outstanding charac- 
teristic required for the successful working of 
the microscope is extreme stability in the magni- 
tude of all these supplies, since not only does a 
change in the accelerating voltage correspond to 
an alteration in the wave-length of a monochro- 
matic light source, but changes of the current in 
the coils have the same effect as would fluctua- 
tions in the curvature of the lenses of an optical 
instrument. 

In practice the accelerating or 'plate' voltage 
is about 50,000 V., and the stability required is 
of the order of plus or minus 1 V., i.e. one part 
in 50,000. The valve-controlled circuits required 
to achieve this automatically, when the supply 
or mains voltage may in practice vary as much as 
one part in twenty, are extremely complicated 
and call for electrical design of the very highest 
order. 

Contained also in the back of the instrument 
are the pumps required for. maintaining the 
vacuum in the 'tube' of the microscope, which in this case includes the ■ 
chamber in which the specimen is mounted for examination, and another 
when required for holding the photographic plate. These chambers are 
so arranged that they can be isolated from the rest of the microscope by 
means of suitable traps, thus permitting the specimen or plate to be changed 
or readjusted without destroying the whole of the vacuum in the tube and so 
avoiding the delay involved in repumping the complete microscope. The gas 
capacity of these chambers is designed to be as small as possible, and the time 
required to repump them as often as required is only a matter of a minute or 
two. Such pumping speeds can be obtained only by the use of modern rotary 
and molecular vacuum pumps. These have the further advantage that they 
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Text-fig. 7. Schematic of three 
lenses system. 



i6 



INTRODUCTION TO THE ELECTRON MICROSCOPE 



have no reciprocating parts, in fact the molecular or 'diffusion' pump has 
no moving parts at all and can thus be mounted as an integral part of the 
microscope stand. 

A typical rotary pump, the Gaede, is shown in cross-section in Text-fig. 8. 
It consists of a cast metal cylinder C, the inside of which is ground truly 
circular. Rotating inside this in the direction shown by the arrow is a second 
cylinder R. This is smaller in diameter than the bore of the first and is mounted 
'off centre', the two opposing surfaces being in oil contact at the top but 
having ample clearance at the bottom. A pair of spring-operated wipers W x 
and W s maintain contact with the wall of the outer cylinder as the rotor 
revolves whatever the angular position of the latter. Air from the inlet port I 
entering the expanding space behind W x is 'caught' on further rotation by 
W z and compressed into the contracting space in front of it, being finally 
ejected at the exit port X. A simple valve V on this port serves to prevent the 




Text-fig. 8. Rotary (Gaede) pump. 

air re-entering in the event of a pump stoppage, and a. reservoir of oil O in 
the base of the cylinder maintains constant lubrication and gas tightness of 
all the moving parts. In this way a closed vessel connected to I is rapidly 
exhausted of its air or gas content. 

Similar pumps such as the Hyvac and Megavac resemble the Gaede in their 
mode of operation, and all will quickly reduce the pressure inside a sealed 
compartment to but a few microns of mercury, normal or atmospheric pressure 
being 760,000 microns (30 in.). 

For the still lower pressures (higher vacua) required for focused electronic 
discharges a second pump working on an entirely different principle is inter- 
posed between the rotary (or 'backing') pump and the microscope tube. The 
working of such a 'vapour' or 'diffusion' pump is indicated in Text-fig. 9, 
where/ is the connexion to the rotary pump inlet and M the connexion from 
the vacuum or microscope tube. Communication between the two is possible 
only at the narrow gap G, and across this gap jets of mercury or oil vapour 
blow continuously downwards. The relatively heavy molecules of vapour trap 
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the already well-spaced air particles and blow or ' diffuse ' them into the sealed 
chamber C, whence they are drawn off continuously through / by the action 
of the backing pump. 

A reservoir of mercury or oil in the bottom of C is heated continuously, 
usually by an electric heater, and the vapour, after emerging from the jet, is 
condensed by contact with the water-cooled walls of the chamber C and drops 
back into the reservoir for further use. Although originally developed for use 
with mercury vapour the special 'low vapour pressure' oils now used have 
many advantages. Not only do they enable extremely high vacua (less than 
i/ioooth /a) to be obtained without the use of a freezing trap, but they ensure 
freedom from contamination of the inside of the microscope by mercury. 

A complete microscope is shown in diagrammatic form in PL 4. At the 
top, protected by a large hood, is mounted the high- 
pressure terminal supplying the requisite voltage to 
the electron gun. Since the filament of the latter 
requires occasional renewal, this unit, which corre- 
sponds to the lamp-house of an optical microscope, is 
carried on an adjustable fitting with screws, enabling 
the gun to be centred co-axially with the coil function- 
ing as the condenser. 

Immediately below the condenser is the object 
chamber which is so arranged that it can be isolated 
from the vacuum pipe and opened for the insertion of 
the specimen holder (PI. 2, fig. 3). The latter is conical 
in design, and is so constructed that it may readily be 
dropped into a built-in carrier which can be brought 
to the side of the chamber by means of an externally 
operated screw. The chamber can subsequently be 
closed, reconnected to the vacuum system, and at the 
same time the object holder traversed until the re- 
quired portion of the specimen is in the optical centre Text -% 9- Vapour pump, 
of the instrument and at the point of focus of the objective coil. An inspection 
window is provided in the side of the chamber to facilitate the necessary 
adjustments. 

The image formed by the objective is thrown downwards into the plane of 
the projector coil and may be viewed separately at this level through an inclined 
inspection window mounted in the wall of the tube, a fluorescent screen on 
which the image can be received being swung into position for the purpose. 
This can be removed as soon as the desired inspection has been completed. 

The projection coil transmits the image, further amplified, on to the base 
of the tube where it may be viewed, by more than one observer if desired, 
through the airtight viewing apertures provided, or photographed on a plate 
placed in the photographic chamber. An important difference in the method 
of viewing the fluorescent screen on which the final image is projected exists 
between the two models shown in PI. 3 and PI. 5, fig. 1. In the Universal 
model, the image appears on the floor of the tube and is seen through windows 
mounted above it, somewhat to one side, exactly, in fact, as the shadow of the. 
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'cross' is seen in PL 2, fig. 1. The Console model, on the other hand, has 
the tube mounted slightly inclined from the horizontal and 'end on', so that 
the magnifying coils are to the rear of the desk and the image is projected 
forward on to the glass end of the tube, the image being viewed externally 
through the glass. This arrangement permits a more compact assembly of the 
components than is otherwise possible and facilitates the construction of a 
relatively small instrument. In both models a simple magnifier is mounted 
in front of the screen to assist visual inspection. 

Having now considered at some length the principles of electron optics, 
and the general construction of a microscope employing them, it becomes 
appropriate to consider some aspects of the latter's performance and 
limitations. Newton, about 1680, was giving great attention to the exact nature 
of ordinary light and was able to find a good deal of evidence to support the 
corpuscular theory which was then very much in favour. It is, indeed, 
doubtful if he ever entirely believed in the idea of wave motion as an explana- 
tion, since he was of the opinion that all known phenomena, even that of 
polarization, could be accounted for by the former theory, and although this 
is for the present discarded the fact remains that not only is it capable of 
furnishing an adequate solution of many optical problems but even the 
possibility of its complete validity requires further consideration in view of 
some of the effects associated with the properties of an electron beam. 

It has been found, for example, that the passage of negative electrical 
particles through space is accompanied by effects which would appear to give 
to the moving electron an equivalent wave-length, proportional to its speed, 
and it would now seem therefore that light has characteristics which are both 
those of a wave and those of a travelling particle or corpuscle. 

This equivalent -wave-length of an electron is exceedingly small compared 
with that of light in the visual range, and it can be altered by varying the speed 
of the electron, that is, by increasing or decreasing the accelerating voltage 
applied to the electron gun. This, of course, is directly under the control of 
the operator and thus makes available the control of the effective wave-length 
of the emission being used, merely by the turn of a switch. 

For the acceleration mentioned earlier, that due to 50,000 V., the equivalent 
wave-length is as little as i/ioo,oooth that of ordinary light and may be made 
smaller or larger as required. Although the change in resolution so effected 
is not of any practical importance, the extent to which the object is penetrated 
by the radiation is materially changed, and this offers considerable advantages, 
since it enables the degree of contrast to be obtained which is best suited to 
the object under examination. It is in many ways similar to the use of colour 
screens in ordinary microscopy but with the advantage that it is continuously 
variable. PI. 5, fig. 2 shows four photographs of alumina taken at differing 
acceleration voltages and demonstrating the effect on the degree of contrast. 

It might be supposed that since the wave-length used in the electron 
microscope is so small compared with that used in the visual instrument 
correspondingly high resolutions should be obtainable. That this is not yet 
the case is due to the difficulties involved in designing magnetic or electrostatic 
lenses having both wide aperture and freedom from aberrations. As pointed 



INTRODUCTION TO THE ELECTRON MICROSCOPE 19 

out earlier, great care must be taken to ensure that the speeds of all the electrons 
in the beam are identical. Failure to do so results in the electrons having 
low speeds being less affected by the fields due to the lenses than are those 
at high speeds. This causes a blurring of the final image which is analogous 
to that obtained by the use of chromatic lenses in an ordinary microscope. 
The 'lenses' of an electron microscope are in fact monochromats, and the 
'light' used must be all of one wave-length. Even when this condition is 
fulfilled, however, corrections corresponding to those for spherical aberration 
are required if the image is to be as perfect as possible, and it has not been 
found practicable to design any form of electron lens having an angular 
aperture greater than i° (n.a. o-ooi), but important work is being carried out 
with a view to increasing this, for example, by Mr V. E. Cosslett at the Oxford 
Laboratory. In this respect the electron microscope is at a stage represented, 
in optical practice, by the pinhole apertures of 100 years ago, and thus the 
practical gain in resolving power, taking into account both the short wave- 
length and the low angular aperture, is actually of the order of too times that 
possible with an optical microscope. An increase of aperture to even n.a. 0-5 
would improve the resolution a further 500 times, sufficient possibly to show 
glimpses of the atoms themselves, unless, as would almost certainly be the 
case, some other major difficulty intervened. 

A feature peculiar to the microscope described and due to the use of 
magnetic lenses is that the power of the lens, and hence the magnification, can 
be changed at will merely by altering the current flowing through the coils. 
Unlike an optical instrument, however, in which the orientation of the image 
is quite unaffected by changes in the lenses used, the image in an electron 
microscope tends to twist as the controls are manipulated, as though a rotating 
stage were coupled to the focusing movement and operated synchronously 
with it. The explanation is to be found in the paths of the electrons in a magnetic 
field shown in Text-fig. 5. It will be noted that in passing from one focal 
point to another the electron path forms part of a convergent spiral. It will 
be apparent that since the degree of twist, like the magnification, depends on 
the strength of the current in the coils, the image will be rotated as the currents 
are altered. This effect, however, is of no practical importance so far as the 
actual operation of the microscope is concerned, and the value of being able 
to change the magnification without opening up the instrument to change the 
objective is obvious. 

It now remains for us to consider the types of specimen which can usefully 
be examined by the electron microscope and the methods available for pre- 
paring and mounting them. It must be remembered that, however high the 
accelerating voltage applied to the electron stream, the maximum thickness 
of material which can be penetrated by it is still exceedingly small, and in many 
cases there is no possibility of observing the specimen as a transparency. For 
example, the average diatom used for testing the resolution of optical objectives 
is far too thick to permit the passage of electrons through it unless apertures 
already exist in the form of minute perforations or exceedingly thin mem- 
branes. A photograph illustrating this is shown in PI. 1, fig. 1, an electron 
photograph of Ampkipleura pellucida at a magnification of 35,000 diameters. 
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The resolution of the well-known lines into dots, which appear to form a 
series of fine openings in the body of the frustule, is evident. The exact nature 
of the outer band of markings is not clear, since nothing like this is to be seen 
in any known photographs of the diatom taken by ordinaiy means. They were 
first observed by Mr J. W. Siddon at the Chemical Defence Experimental 
Station, Porton, and their presence subsequently confirmed by photographs 
taken by Mr F. W. Cuckow at the National Physical Laboratory, who assures 
me that 50% of the diatoms show it. I have since been permitted by his 
courtesy to examine the material from which the one reproduced was taken, 
and I can testify that it was in fact an exceptionally pure gathering of the 
diatom in question. 

The object holder used for mounting this specimen in the microscope is 
shown in PI. 2, fig. 3. It consists of a short length of brass tube fastened at its 
upper end to a plate for fixing to the microscope 'stage'. This plate may be 
either fiat or attached to a curved fitting enabling the holder to be tilted as 
desired. At the lower end of the tube is fitted a removable cap which can be 
used to clamp disks of thin gauze to the mouth of the opening. The length of 
the tube is so arranged that anything in the plane of the gauze is closely in 
focus, and centred with, the objective coil when the holder is dropped into 
the standard fitting or 'stage' provided in the specimen chamber of the 
microscope. 

The gauze disks, which are of flat thin copper sheet (not woven wire) and 
have a mesh of approx. 200 to the inch, serve as supports for the specimen 
under examination. In the case considered (A. pellucida), a water suspension 
of the diatom is made and a small quantity spread over the gauze and allowed 
to diy. Owing to the very fine mesh many of the diatoms will remain caught 
in a variety of positions on one or other of the mesh openings. The disk is 
placed in position on the holder, secured by the bottom cap, and the complete 
holder fitted inside the specimen chamber, the appropriate fitting being brought 
over to one side for the purpose. The chamber is now closed, the pumps set 
in operation, and the holder traversed by means of an external milled head 
until a suitable portion of the specimen appears centred in the field, after 
which it is accurately focused and the pumping completed. The whole opera- 
tion takes only a minute or two to complete, including the taking of a photo- 
graph when desired. 

In the foregoing example no mounting material other than the gauze was 
used, since the diatom was sufficiently large to be directly supportable across 
the openings. Where smaller specimens are being examined, such as bacteria 
or viruses, an additional transparent support has to be provided. The con- 
ventional glass slide or thin cover-glass is far too thick for the purpose, and 
use is made of an exceedingly tenuous film of collodion. This is obtained by 
allowing a few drops of a solution of collodion in ether to spread over the 
surface of some water contained in a suitable vessel and leaving for a while 
to permit the solvent to evaporate. The film remaining is then picked up on 
the surface of the gauze. 

Although so thin, the close support provided by the fine mesh makes the 
whole arrangement amply strong enough to carry, both previous to drying 
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and afterwards, the dreps of culture or other suspension which it is required 
to examine. PI. 7, fig. 1 shows a portion of a single chromosome mounted 
in this way. The small circular white spots appearing in the field are 
perforations which have formed in the supporting film while drying. These 
show that the absorption by even so thin a film is by no means negligible- 
Fine chemical smokes and deposits may be collected on films of this kind 
and examined in the same way. 

A further important application involves the inspection of surfaces, such as, 
for example, in the study of metals and crystals. In the present state of the 
art, however, it is not possible to place material of this sort for direct examina- 
tion in the microscope, and recourse has to be made to the use of transparent 
replicas of the surfaces to be inspected. Taking as an example the case of a 
specimen of steel, the surface has first to be etched by the appropriate reagents. 
It is then carefully dried and a thin solution of some transparent material, such 
as collodion or Formvar, is poured over the surface and allowed to set. The 
resulting film, although flat on the upper surface, will follow the contours of 
the specimen on its underside and so will have a thickness which varies with 
the degree of etching of the various parts of the surface. Since the absorption 
of the electrons by a film even a few millionths of an inch thick is quite 
considerable, the tiny variations in the thickness of the film after it has been 
stripped from the original specimen and placed in the microscope "will show 
up as areas of light and shade, the whole giving a 'picture' of the nature of 
the surface which can readly be interpreted. PI. 6, fig. 1 shows a picture of 
a replica film of pearlitic steel obtained in this way. The magnification is 
relatively low, about 10,000 diameters in the original, but the resemblance of 
the replica to the conventional pictures of pearlite in steel is clearly evident, 
whilst the definition far surpasses anything which can be obtained by ordinary 
means or even by ultra-violet light. 

The replica technique has also been successfully applied to the calibration 
of the electron microscope, thus making possible the accurate measurement 
of bodies hardly bigger than the larger protein molecules. The stage scale 
required for the purpose is obtained by taking an accurate replica film from 
the surface of a fine diffraction grating, special care being taken to avoid 
shrinkage of the film during its production. The fine lines left upon its surface 
can readily be photographed in the electron microscope under carefully con- 
trolled conditions and thus used as a standard of reference for comparison 
with photographs of other specimens. A grating having 30,000 lines to the 
inch is capable of establishing a standard of length even at a magnification of 
60,000 diameters, provided that the field, as is usually the case, is 2 or 3 in. 
in diameter. 

A further development, rendered possible by the fact that although the 
resolving power of the electron microscope is high the actual apertures used 
are quite small, is the production of stereoscopic photographs at the highest 
magnifications by the 'object tilt' method. To facilitate the application of this 
technique the object holder (PL 2, fig. 3) is provided with a curved seating, 
by the aid of which it can be tilted a fixed and equal amount on either side 
of normal without opening the specimen chamber. A photograph of the 
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object is taken in each of the two positions thus made available, and the 
resulting positives mounted for stereoscopic vision in the usual way. The 
narrow angle of the electron beam employed enables two photographs to 
be obtained in this way without any loss of definition, and at the same 
time the great depth of focus, which is an outstanding characteristic of all 
electron photomicrographs, permits the accurate resolution of a considerable 
number of layers where these exist in the specimen. Such photographs will 
show extremely convincing stereoscopic effects at magnifications as high as 
50,000 diameters. 

Pis. 6-8 illustrate a few of the results which are obtainable by the use of 
the microscope in the fields of cytology, metallography and bacteriology. They 
represent but a tiny portion of the immense amount of work which has been 
carried out with its aid during the last decade. That the electron microscope 
is destined to become one of the most powerful research instruments of the 
future there can be no possible doubt. It possesses the advantages of high 
magnification, great resolution, and extreme flexibility. These, however, of 
themselves necessarily tend to increase the difficulties of correct interpretation, 
the more so in that the extremely limited field available at high magnifications 
tends to isolate small single objects which may thus be examined without any 
knowledge of the proximity of others possibly having an important bearing 
on the matter being investigated. 

Certain limitations would appear to be inherent in the instrument which 
will for the present prevent its use in some aspects of biological research. In 
particular, the fact that the object has to be inspected when in a vacuum, and 
hence completely dehydrated, precludes its use in any investigations involving 
living organisms, such as cytological research with the 'micro-manipulator'. 
At present, too, the advantages accruing to ordinary microscopical technique 
by the use of differential staining are completely absent, since the fluorescent 
image available is quite incapable of showing colour distinctions; moreover, 
ordinary staining methods when applied to specimens examined in the electron 
beam appear prone to clog fine internal structure rather than to increase its 
visibility. This latter difficulty may well be overcome by special forms of 
treatment not yet envisaged. The whole technique of electron microscopy is 
in fact but yet in the very earliest stages of its development, and who shall 
predict what knowledge it may in due course bring to us of the ultimate nature 
and structure of the world in which we live. 

Brief as the foregoing has necessarily had to be, the material and illustrations 
included could not have been collated without the assistance and courtesy of 
many friends, to whom I desire to express my indebtedness. I would particu- 
larly thank Dr E. H. Rayner of the G.E.C. Research staff, Mr F. W. Cuckow 
of the National Physical Laboratory, and Mr F. Muller of R.C.A. for their 
sustained interest and help. 

For the sketches shown in Text-fig. 3 I am indebted to Mr W. E. Miller, 
Technical Editor of the Wireless Trader. PI. 1, figs. 1-3 are reproduced from 
electron micrographs taken at the National Physical Laboratory and are 
published by courtesy of the Director of the Laboratory, Crown Copyright 
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Fig. i. Pearlite in steel. Polystyrene replica, x 10,000 (reduced to X 5000 in reproduction). 







Fig. 2. Mosquito larva, trachea. X 10,000 
(reduced to X 4000 in reproduction). 



Fig. 3. Bacillus diphtheriae. Showing 
internal structure, x 30,000, 
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Fig. z. Treponema pallidum. X 22,000. 



Fig. 1. Chromosome. X 20,000 (reduced to 
x 18,000 in reproduction). 
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Fig. i. Smallpox virus, x 50,000 (reduced 
to X 33,000 in reproduction). 




Fig. 2. Bacillus typhosus, x 42,000 (reduced 
to x 28,000 in reproduction). 
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Fig. 3. Bacteriophage attacking Bacillus coli. x 67,000 
(reduced to X 45,000 in reproduction). 
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reserved. The plates illustrating actual microscopes and the work which can 
be carried out with them are reproduced from original photographs kindly 
loaned to me by the Radio Corporation of America. 
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